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The bending strength of a commercial 0.82-inch-thick three-layered particleboard 
was investigated in terms of its bending moment resistance capacity. Experimental results 
indicated that the bending moment resistance capacity of the particleboard was governed 
by the tensile and compressive strengths of each of four-layered materials composing of 
the particleboard. A proposed mechanical model for prediction of the bending moment 
resistance capacity of the particleboard based on the tensile and compressive strengths of 
each of three-layered materials was validated experimentally. The developed mechanical 
model can be used to explain four different variations in terms of different combinations 
of layer strength properties commonly occurred in real manufacturing environment due to 
process variations. The optimal combination in terms of each layer tensile and 
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1.1 Problem statement 
Particleboard refers to a wood-based products made from wood particles of 
various sizes, pressed together with adhesive under temperature and pressure [1]. In 
applications, particleboard panels are subject to bending stress, and concentrated static 
and impact loads. Particleboard panels require high mechanical strength and dimensional 
stability for the end-use applications. Strength testing of particleboard commonly relies 
on the measurement of bending test, because it is simple to perform, and avoids some of 
the difficulties of direct tension test [2]. For the homogeneous linear elastic materials free 
from defects, the pure tension strength measured directly and bending normal strength 
that calculated from the flexure formula should be equal. But for the ductile composite 
material, such as particleboard which behaves in a non-linear elastic-plastic manner, the 
primary assumption of linear stress distribution across the cross section of a beam is 
invalid. Meanwhile, composite materials often exhibit different modulus under tension 
and compression loading. When the bi-modular materials under bending loads, a 
combination of tension and compression properties resulting the unknown neutral axis. 
Thus, modulus of rupture (MOR) calculated from flexure formula can be considered only 
an approximation to the true ultimate bending stress, it is not able to present the real 
material mechanical capacity in bending.  
 
2 
Density profile has long been noticed as the important structural characteristic of 
wood composite panels [3]. Much attention has been dedicated to improve the bending 
property by studying the relationship of particleboard bending properties and density 
profiles. For example, Wong [4] investigated the effects of density profile on the bending 
property by multiple regression analysis method. Since the bending property was found 
largely impacted by the density profile, it was expected that a similar layer pattern exists 
for strength distribution within the board [5]. However, some other researchers, such as 
Xu and Winistorfer [6] and Myron [7] raised the question that it was hard to reach 
agreement on the effect of density profile if isolating the effect of individual processing 
parameter, by using the numerical solutions and experimental results to estimate or 
approximate. First, the interaction of processing variables and the wide range of 
experimental conditions were used by the various researchers. An obvious deficiency is 
the lack of detailed experimental procedures in the published reports, such as mat 
moisture content and press closing rate. Second, even well-controlled production 
conditions were designed in the laboratory, the applicability of laboratory research results 
are often not reproducible at the particleboard production line. This finding is due to the 
difficulty in keeping a stable manufacturing process at the highest possible level. Chen 
[8] confirmed that density parameters effect was not clarified if ignoring the interaction 
between initial mat condition(moisture content, resin content, density) and press 
conditions (press temperature, press time, and cycle).  
1.2 Objectives 
The general goal of this study was to create a theoretical model to simulate the 
particleboard failure progress in bending and to provide the modern design method of 
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particleboard with desired mechanical performance. The ultimate objective of this 
simulation described the effect of input parameters on the layers’ properties of the 
particleboard so that the operation of particleboard manufacturing process could be 
optimized and best control bending strength. To do so:  
1. Studying the bending failure mechanics of particleboard, conducting the 
mechanical properties testing and preforming statistical analysis, in order to 
identify and diagnose the factors which impacts the particleboard bending 
strength performance.  
2. Finding out the relationship between the particleboard mechanical properties. 
Identifying the mechanical properties that influence the ultimate bending 
performance, such as tension, compression strength and strain. Developing the 
theoretical failure model to predict bending moment. 
3. Developing a benchmark for designing the layers’ properties and providing 
the upper-bond of particleboard mechanical properties. 
1.3 Structure of the dissertation 
The dissertation was divided into several chapters detailing the most important 
impact factors of particleboard bending properties. The respective effects and correlation 
of layers’ density profile and strength profile on MOR are presented in Chapter 2. 
Chapter 3 is dedicated to the linear-elastic failure model of particleboard in bending by 
using the maximum stress theory and laminate composite first-ply failure analysis. In 
Chapter 4, the particleboard stresses in bending with non-linear elastic-plastic material 
properties was discussed. The neutral axis shift, bi-modular behaviors were identified as 
well.  In Chapter 5, the elastic-plastic, bi-modularity mechanical behavior of 
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particleboard was modeled to predict the development of bending moment during 
bending process. A 3-D simulation and modeling of tension and compression 





DENSITY AND TENSION STRENGTH PROFILE OF PARTICLEBOARD 
2.1 Literature review 
2.1.1 Effect of density profile on bending properties 
The density profile of particleboard is developed during the forming and hot 
processing process as the result of the interactions among wood raw material bulk 
density, moisture content, hot press temperature, mass transfer and compaction pressure 
[6]. Normally, a symmetrical “U” shape vertical density profile can be formed in the 
cross section of a particleboard thickness direction, for example, peak density appears 
near board surfaces while low density is in the core as shown in Figure 2.1.  
 




The vertical density profile in particleboards was identified in earlier studies as 
the important influential factor affecting strength properties such as bending, internal 
bond, and shear strength. Scientists have emphasized that it is the key factor and an 
indicator to control the particleboard bending properties [9] [10]. Several related reports 
studied the relationship between particleboard density profile and its bending properties 
were reviewed below: 
Geimer et al. examined the effects of layer specific gravity and thickness on three-
layer particleboards. They found that there was a positive, but nonlinear relationship 
between the bending modulus of elasticity (MOE) of the face layer specific gravity. A 30 
percent addition of face layer material will result in achieving a 30 percent or more gain 
in bending MOE. A bending stiffness predict equation was derived by transferring the 
thickness and stiffness of each layer which normally used for the multiple layer bending 
analysis of composite beams. However, the prediction was lacked precision.  
Similar results were found by Xu [3], by using laminate theory and simulated 
linear relationship of layer MOE with density profile. He found the bending MOE 
benefits from the high density surface layer and increases linearly with the increase of 
peak density, but the maximum bending MOE does not occur when peak density is right 
at the board surface. But there was no further discussion about why the peak density at 
the surface did not produce the higher bending MOE.  
A comparable study was conducted by Zhang and Yu [11].  They examined the 
average density, maximum density, minimum density of fiberboard was strong positive 
linearly correlated with MOR by the differences in the distribution of density profile. 
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When the fiberboards are of the same average density, the MOR of U shape density 
profile board was at least 40 percent stronger than uniform density profile board.   
The detailed effects of mean density, peak density, peak distance on the formation 
of density profile and board bending properties was clarified by Wong [4]. He pointed 
out the bending properties of particleboard could be improved by increasing the peak 
density, but the effectiveness of improvement reduced gradually at higher peak density. 
MOE and MOR decreased linearly as peak density moves further away from the 
particleboard surface, which is different conclusion with Xu [3].  
2.1.2 Relationship of density profile and strength profile 
Density varies through the particleboard thickness. Hence the mechanical 
properties vary through the thickness of the panel as well. For example, Shen and Carroll 
[5] developed the method to measure the relationship of layers’ torsion-shear strength 
profile and density profile of particleboard. A close correlation (r = 0.89) was found 
between layer strength and layer density, and they claimed the shear-strength profile 
provides a direct measure of quality of adhesive bonds between the particles. However, 
Wilczunski and Kociszewski [12] got different results with Shen and Carroll. They 
separated face and core layers of particleboard bending specimens, then glued those into 
laminated bending strips to measure the face and core layer bending strength. They found 
the relative differences between face and core layer bending were greater than the 
differences between the densities of layers. Therefore, determination of the layer’s 
mechanical properties are important and useful for designing the structure of 
particleboard, and analyzing stresses and deformations occurring in the constructions.  
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The investigations of particleboard density and strength profiles are limited. There 
are some studies that investigated other wood composites: 
Xu and Winistorfer cut the OSB specimen into nine layers and measured the IB of 
each layer. Although there was a positive correlation between IB and density, the degree 
of correlation was small, which range from 0.2 to 0.25. The lowest IB did not always 
occur in low density core layer, and the highest IB did not necessarily occur in high 
density face layers. Steidl et al. sawed the commercial oriented strand-board into 15 
layers to obtain thin-layer specimens for tension and compression modulus and strength. 
They found the layer tension and compression modulus and strength were related to the 
vertical density profile with high coefficient of determination values (r2 >0.75).  
There are numerous studies that relate density profile effects to specific 
mechanical properties of particleboard, especially, bending properties. The examination 
was stopped when a good correlation was found in the relationship of density profile and 
strength profile. Since bending properties were found largely impacted by the density 
profile, it was expected that a similar layer pattern exist for strength distribution within 
the board. However, the studies of density profile effects on bending properties have the 
common problem that all the experiments were designed with various density profile 
distributions of different types of particleboards. It is reasonable to get the results that the 
higher face layer specific gravity will develop higher bending properties; or with same 
average panel density, the bending properties of particleboard with “U” shape density 
profile will be higher than the one with uniform density profile. Because of the good 
consolidation material was formed at the face layer which can develop higher bending 
strength. There were limited explanations of the questions: why did not the highest 
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mechanical properties occur in high density face layers; and why there is still a large 
variation in the bending strength of particleboard despite average panel density and 
density profile well-controlled. With understanding the density profile pattern cannot 
fully explain the bending properties. The relationship of strength profile with bending 
properties should be studied. 
2.2 Materials and methods 
2.2.1 Materials 
Five pieces of four-layers, 4 ft. by 8 ft. particleboards used in this study were 
obtained from the Roseburg Particleboard Company in Taylorsville, Mississippi, USA. 
These 0.81inch-thick particleboards were bonded with UF resin, had a nominal density of 
48.4 lb/ft3 at a moisture content of 7% , and were grade M2 (ANSI A208.1-2016 [13]). 
These particleboards were made in a 12-opening hot-press, and each of the five boards 
was selected from the ninth opening of each press load. The board surface that contacted 
with the press bottom hot- plate of each opening was defined as particleboard bottom face 
(Figure 2.2), and the board surface that contacted the top hot-plate was defined as 
particleboard top face.  
 




2.2.2 Three-point bending 
Experimental design - The objective of this testing was to evaluate effects of the 
surfaces of a board on its bending strength. Figure 2.3 is the cutting pattern for bending 
specimens. The strips cut along panel width direction were defined as vertical specimens, 
and the strips cut along the panel machine direction were defined as parallel specimens. 
Nine vertical and nine parallel specimens were cut from each of five full size 
particleboards, respectively. These specimen sizes measured 20 inch-long by 3 inch-wide 
by 0.81 inch-thick (ASTM D 1037 [14]).Three specimens next to each other were 
grouped as one set assumed with same physical and mechanical properties. Vertical 
specimens were coded with V#-#, while parallel specimens were coded with P#-#.  The 
first # was the set number, and the second # was the replicate. Therefore, a total of six 
sets of bending specimens were cut from each of five particleboards. The middle 
specimen in each of three-strips set was tested in bending with strain gauges attached on 
both top and bottom faces, respectively, for tensile and compressive strain measurement. 
The testing was conducted in the mechanical testing lab in the Department of Sustainable 
Bioproducts, Mississippi State University, USA. The other two specimens were tested in 
bending by subjecting one of two to a bending load applied to its top face, and other one 
to its bottom face, respectively. This testing was conducted in the mechanical testing lab 




Figure 2.3 Cutting diagram of particleboard bending specimens. 
 
Testing – The specimen was conditioned in the refrigerator (-10 ˚C) for 30 
minutes to make sure the resin was fully cured. The particleboard bending test was 
conducted according to the ASTM D 1037[14]. A general testing setup for evaluating 
particleboard bending properties is shown in Figure 2.4. The specimen was loaded at the 
middle of 18-inches span with a loading speed of 0.36 in/min. All bending tests were 
performed on an Instron series 3300 universal testing machine. The MOR value of an 








MOR = modulus of rupture, psi; P = maximum bending load, lb.; L = span 
between two supports, in.; b = specimen width, in.; h = specimen thickness, in. 
 
Figure 2.4 Testing setup for evaluating bending properties of particleboards. 
 
2.2.3 Density profile 
Experimental design – All density profile specimens were cut off from broken 
bending specimens. The two groups of bending sample which applied bending load from 
top and bottom face were sorted into three sub-group according their MOR value from 
low to medium to high, respectively. Ten (10) sub-samples were grouped as one group.  
Testing - The specimens were 2 inch-long by 2 inch-wide and conditioned in an 
equilibrium moisture content chamber controlled at 20 ±3˚C and 45 ±5% relative 
humidity for 2 weeks. The weight, and the actual size of specimens were measured, then 
the density profile test by QMS Density Profiler (Model QDP-01X, Quintek 




Figure 2.5 (a) QMS Density Profiler and (b) density profile testing. 
 
2.2.4 Tension stress profile 
Experimental design – The seven-layer tension samples were cut and sliced by 
band saw from the broken bending strips which were tested in this chapter. ASTM D 
1037 provides guidance for tension testing of wood composites in full thickness. It 
requires using necked-down, or dog-bone shape specimens. It is not suitable used in here 
due to tension specimens for this experiment has a very thin thickness. Tension 
specimens for the seven-layer study were designed to uniform rectangular cross section 
as recommended in ASTM D 3039. A 6 inch-long × 1 inch-wide × 0.81 inch-thick 
rectangular sample was first cut from each bending replication (sixty replications in 
total), then the rectangular samples were sliced into seven layers along the length 
direction. The seven layers were labeled from No.1 to No.7, which corresponded to 
layers through the thickness. The actual particleboard thickness was approximately 0.82 
inch, the No.1, 2, 3, 5, 6 and 7 layers were fixed into 0.078 inch thick, and central ply of 
No.4 was depended on the entire sample thickness with a changeable thickness. There 
was 0.042 inch material loose by the band saw kerf, thus No.2 ply contained 0.035 inches 
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of face material and 0.043 inches of core material. The cutting pattern is shown in Figure 
2.5 (a).  
Testing - All specimens were conditioned in an equilibrium moisture content 
chamber controlled at 20 ±3˚C and 45 ±5% relative humidity for 2 weeks. The typical 
fixture assembly for layers’ tension test is shows in Figure 2.5 (b), which following 
ASTM D 1037. The load was applied continuously through the loading head at a speed of 
0.15 in./min. The tension tests were performed on the Instron series 5566 load frame 




  (2.2) 
Where: σ = tensile strength (psi.), Pmax= maximum tensile load (lbs.), b = width of 
the tensile area (in.), d = layers’ thickness of tensile area (in.). 
 
Figure 2.6 (a) Specimen cutting pattern of seven-layer tension, and (b) testing setup 




2.3 Results and analysis  
2.3.1 Three-point bending with the load applied on different faces 
The mean comparison of particleboard MOR with the load applied on different 
faces is listed in Table 2.1. The box-plot of particleboard MOR with the load applied on 
different faces is shown in Figure 2.7. The least significant difference (LSD) multiple 
comparison procedure at the 5% significance level (alpha = 0.05) was performed to 
determine statistical mean differences. The results show that there was a significant 
difference between the vertical and parallel bending strips in cases where the load was 
applied from the two faces. The MOR values of parallel bending strips are generally 
higher than the vertical strips. The MOR of particleboard with the load was applied on 
top face are generally higher than those from the load applied on the bottom face. The 
parallel bending strips with the load applied on top face had the highest MOR values. The 
results indicated a large variance within the particleboard and the mechanical properties 
of particleboard are not symmetrical along the center of the panel thickness. 
Table 2.1 Particleboard MOR with the load applied on different faces. 
MOR (psi) 













Figure 2.7 Box-plot of particleboard MOR when was applied load in different 
direction. 
 
2.3.2 Density and tension profile 
Table 2.2 and Table 2.3 summarize the mean comparisons of the seven-layer’s 
density of the three MOR sub-groups. Least significant difference (LSD) multiple 
comparisons were conducted at the 5% significance level. The three sub-groups showed a 
significant difference in MOR within the groups. For average densities of entire specimen 
and the density of seven-layer pieces, there were no significant differences in density 
noted among the low, medium and high MOR sub-groups. The results indicated the 
significant variation of MOR existed in the density well-controlled process. 
Table 2.5 and Table 2.6 summarize the mean comparisons of the seven layer’s 
tension strength of the three MOR sub-group. A statistically significant difference was 
observed for tension strength in the low, medium and high MOR groups. For the group 
which has bending load applied on top: the mean values of tension strength of Layer 1, 
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Layer 4, Layer 5 and Layer 7 in the high MOR sub-group were significantly higher than 
low MOR sub-group, but no statistically significant difference in tension strength was 
noted between medium MOR sub-group and high MOR sub-group and between medium 
MOR sub-group and low MOR sub-group. For the Layer 2, Layer 3 and Layer 6, there 
were no statistically significant differences among three MOR sub-groups. For the group 
which had bending load applied on the bottom surface: the mean value of tension strength 
of Layer 1, Layer 6 and Layer 7 in the high MOR sub-group was significantly higher than 
low MOR sub-group, but no significant differences in tension strength were noted 
between the medium MOR sub-group and the high MOR sub-group and between the 
medium MOR sub-group and the low MOR sub-group. For the Layer 2, Layer3, Layer 4 
and Layer 5, there were no significant differences among three MOR sub-groups.  
Three average tension strength profile and typical density profile curves of the 
MOR sub-groups were roughly plotted in Figure 2.8 and Figure 2.9. These Figures 
indicate that the tension profile of high MOR sub-group was higher than the medium and 
low MOR sub-groups, especially on the face layer. The tension strength profile of the low 
MOR sub-group shows a unique distribution which is the highest tension strength located 
in the Layer 2 and Layer 6. In the previous study which was conducted by Wong [4], he 
mentioned that MOE and MOR decreased proportionally as peak density moves further 
away from the particleboard surface. Thus it appears that the bending properties of 
particleboard could be improved by increasing the face layer tension strength, but the 
MOR decreased as peak tension strength moves further away from the particleboard 




Figure 2.8 Average tension stress profile of three MOR groups when apply bending 
load on top surface. 
 
 
Figure 2.9 Average tension stress profile of three MOR groups when apply bending 











































Apply bending load on top surface
Average tension strength of low MOR group
Average tension strength of medium MOR group
Average tension strength of high MOR group











































Apply bending load on bottom surface
Average tension strength of low MOR group
Average tension strength of medium MOR group
Average tension strength of high MOR group



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3.3 Coefficient of correlation of MOR and seven-layer tensile strength 
According to LSM results, for the layer 1, layer 2, layer 6 and layer 7 tension 
strength, there were significant differences between low and high MOR sub-groups. Thus 
it is reasonable to consider that the bending strength should be linearly related with face 
layer tensile strength. The MOR and corresponding face layers’ tension strength show on 
the scatter plot for interpreting the trends in statistical data in Figure 2.10 and Figure 
2.11. The correlation of coefficient of the various layers’ tension strength with MOR list 
in Table 2.7 and 2.8. The results shown when the bending load was applied on top face, 
only the layer 1, layer 4 and layer 7 tension strength were relatively correlated with MOR 
(r was 0.39, 0.55, 0.46, respectively). The correlation of layer tension strength with MOR 
was different between bending load was applied on top and bottom face. The positive 
relationship was observed in the layer1 and layer 7 for bottom group, but the coefficient 
of correlation was low than the top group (0.27 and 0.29, respectively). Layer 6 has the 
positive correlation of tension strength with MOR in the bottom group (r = 0.41), which 
is five times higher than the top group (r = 0.08). While a negative correlation was found 
between the layer 4 tension strength and MOR. All the results show that when the face 
layer material with higher tension strength was on the bending tension side it results in a 
higher bending strength. The face layer material with higher tension strength always 




Figure 2.10 Layer 1, layer 4 and layer 7 tension strength― particleboard MOR scatter 
plot (was applied load on top face). 
 
 
Figure 2.11 Layer 1, layer 6 and layer 7 tension strength― particleboard MOR scatter 


























































Table 2.6 The coefficient of correlation of MOR (was applied bending load on top 
face) with seven-layer tension strength. 
 
MOR Layer1 Layer2 Layer3 Layer4 Layer5 Layer6 Layer7 
MOR 1.00               
Layer1 0.46 1.00             
Layer2 0.15 -0.05 1.00           
Layer3 0.30 0.29 0.09 1.00         
Layer4 0.55 0.32 0.30 0.28 1.00       
Layer5 0.19 0.43 -0.02 0.35 0.14 1.00     
Layer6 0.08 -0.06 0.69 0.01 0.25 0.06 1.00   
Layer7 0.39 0.71 0.36 0.36 0.40 0.51 0.16 1.00 
 
Table 2.7 The coefficient of correlation of MOR (was applied bending load on top 
face) with seven-layer tension strength. 
 
MOR layer1 layer2 layer3 layer4 layer5 layer6 layer7 
MOR 1.00        
layer1 0.27 1.00       
layer2 -0.01 -0.07 1.00      
layer3 0.03 0.04 -0.16 1.00     
layer4 -0.30 -0.07 -0.25 0.27 1.00    
layer5 -0.10 -0.25 -0.33 0.27 0.06 1.00   
layer6 0.41 0.16 0.49 -0.13 -0.06 -0.21 1.00  
layer7 0.29 0.40 -0.11 -0.01 0.16 0.09 0.22 1.00 
 
2.4 Discussion and conclusion  
According to the LSD results, there are no statistically significant differences in 
density noted among the three MOR sub-group. The particleboard used in this study was 
produced in a well-controlled process. However, the MOR of particleboard had large 
variability and ranged from 1560 psi to 2110 psi. The MOR was higher if the bending 
load was applied on the top face than the group which had the load applied on bottom 
face. This finding was explained by the seven-layer tension test: an asymmetric tension 
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strength profile was found, where in the tension strength of bottom side was higher than 
the top side. The LSD multiple comparison indicated that the face layer tension strengths 
in high MOR sub-groups were significant higher the tension strength in low MOR sub-
group. Meanwhile, the scatter plot of layer’s tension strength against MOR was fairly 
positive and linear. However, the correlation coefficient of layer’s tension strength with 
MOR was relatively weak. Thus one cannot easily make the conclusion that the tension 
strength was the only factor that determining the particleboard bending performance. The 




STRESSES OF THE PARTICLEBOARD IN BENDING  
3.1 Literature review 
3.1.1 Flexure formula of linear-elastic materials  
For materials that behave in a linear-elastic manner, the neutral axis is the 
horizontal centroid axis for the cross section (Figure 3.1). By using the proportionality of 
triangles, or by using Hooke’s law, it can be written:  




For equilibrium these internal moments summed over the entire cross-sectional 
area must equal the applied external moment. The moment of force 𝑑𝐹 above the neutral 
axis is 𝑑𝑀 = 𝑦𝑑𝐹. Since, 𝑑𝐹 = 𝜎𝑑𝐴, using 
 Equation 4.1, we have for the entire cross section: 
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Figure 3.1 Bending stress variation (3D view). 
 
For a beam with a rectangular cross section, and subjected to bending stress 















If the material is linearly elastic, the bending strength, or MOR, is equal to the 
tension strength of the outer zone or extreme face of the beam. 
Where: 
𝜎𝑚𝑎𝑥= the maximum normal stress, in the beam member, which occurs at a point 
on the cross-sectional area farthest away from the neutral axis; 
𝑀= the resultant internal moment, determined from the method of sections and 
the equations of equilibrium, and calculated about the neutral axis of the cross section; 
c = the perpendicular distance from the neutral axis to a point farthest away from 
the neutral axis. This is the loading where 𝜎𝑚𝑎𝑥 acts; 
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I = the moment of inertia of the cross-sectional area about the neutral axis; 
P = the maximum bending load causes the beam bending failure; 
L = length of the span; 
b = width of specimen; 
h = thickness (depth) of specimen. 
3.1.2 Stresses of nonlinear-elastic material in bending 
The elastic flexure formula cannot be used for the nonlinear ductile material, due 
to the primary assumption of linear stress distribution across the cross section of a beam 
is invalid. There are two notable groups of studies that improve the understanding of the 
stresses of nonlinear-elastic materials in bending:  
Some of the works focus on the theoretical elastic-plastic analysis of beam under 
bending. Their general approach assumed that plastic hinges formed at the fully plastic 
area, then the evolution of elastic-plastic behavior can be modelled by numerical 
applications with the limit state analysis [15]–[18].  
Under bending loads, beams have both tension and compression stress. Hence 
another group of studies was targeted on an individual elastic-plastic composite material, 
which was more detailed and specific than the first general study group. There studied 
tried to explain the stresses of bending by studying the relationship of bending strength 
(MOR) which accounts from flexure formula with the directly pure tension and 
compression strength. The true bending strength can be found if gain the stresses 
distribution at the beam cross section. Consensus has been made that exceeding the 
material’s proportional limit causes the neutral axis to shift [19] [20][21]. This shifting of 
neutral axis has often been mentioned as a reason for the results of MOR being higher 
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than tension strength of nonlinear-elastic material. There appear to be two explanations: 
First, for materials that have the same moduli of tension and compression, the elastic 
modulus suffered a decrease in tension above the proportional limit, while the 
compression modulus was still in its linear region as no matrix cracking occurs in 
compression [20]. Second, an important characteristic of composite materials is that they 
often have different moduli or stiffness in tension and compression; the so called bi-
modular material [22]. For the material has higher compression modulus than tension was 
applied bending load. There is assumed compression strength was assumed no limited to 
increase. When tension side reached its ultimate tension strain, the beam can stand an 
increase in bending moment, the local stress at tension continues to follow stress-strain 
law and decreases accordingly. To meet the condition of zero net axial load, the neutral 
axis to shift towards compression side [21] [23].   
In practical, the bending strength calculated from flexure formula of particleboard 
was observed to be higher than their tension strength. Meanwhile, the elastic modulus of 
compression was higher than tension. Therefore the difference in modulus of tension and 
compression caused the neutral axis shift should be identified for particleboard in this 
chapter. Recall the seven-layer tension test results, we known the particleboard used this 
study was unsymmetrical of mechanical properties. The tension strength of particleboard 
bottom side was higher than top side. The higher MOR was produced when the higher 
tension strength side was subjected tension in bending. Those evidence shown the tension 
strength was the key factor that effect the bending performance. However, with a weak 
positive correlation of coefficient of seven-layer with MOR was found, that we cannot 
easily diagnose that the tension strength was the only factor that determining the 
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particleboard bending performance. Therefore, the relationship of tension, compression 
and bending strength was studied as well. 
3.2 Material and method 
3.2.1 Material 
The particleboard specimens used in this chapter were the third bending strip 
which collected in Chapter 2. Five specimens belonged to the vertical set, next to the 
strips which has the MOR higher than 1900 psi were selected. All specimens were 
conditioned in an equilibrium moisture content chamber controlled at 20 ±3˚C and 45 
±5% relative humidity for 2 weeks. 
3.2.2 Strain distribution and neutral axis shift of particleboard bending 
Experimental design – The objectives of this testing were to measure the 
particleboard bending tension and bending compressive strain. Five bending specimens 
were subjected to three-point bending load on the bottom face. Strain gauges (KFGS-5-
350-C1-11, KYOWA Americans Inc. Novi, MI) were glued on (CC-35 adhesive 
KYOWA Americans Inc.Novi, MI) the top and bottom surfaces of the beam to measure 
the strain of surface tension and compression. The strain gauges were 0.5 inches 
distanced to the mid-point the central of the bending strip, Figure 3.2. The tension and 
compression strain at the surfaces were recorded by the LabVIEW software (National 
Instruments, Austin, TX). The neutral axis at the lateral section was observed by the 
photo-elastic method by using a Basic Reflection Polari-scope (Model 031, Vishay 
Measurements Group, Raleigh, NC, USA). The coating material for photo-elastic 
measurement was 5 inches long × 0.81 inches wide (PS-1 flat sheets, Vishay 
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Measurements Group, Raleigh, NC, USA), which was glued to the central of lateral 
section of the particleboard beams by using PC-10 adhesive (Vishay Measurements 
Group, Raleigh, NC, USA).  
 
Figure 3.2 Specimen configuration of particleboard photo-elastic bending test. 
 
Testing - The specimen size, span, and load rate was same as the bending test 
which described in Chapter 2. The bending test setup for monitoring neutral axis and 
strain were shown in Figure 3.3. The Polaris-scope was set up with the polarizer/analyzer 
axes aligned with the principal axes of the beam. The compensator ring set at zero. While 




Figure 3.3 Testing setup for evaluating particleboard neutral axis and surface strain in 
bending. 
 
3.2.3 Particleboard four-layer in pure tension 
Experimental design – There are two groups of tension specimen, one group was 
first cut from each bending replication (sixty replications in total), which were tested in 
Chapter 2. The objectives of this testing were study the four-layer pure tension strength 
of particleboard and the test speed impact. Another group was cut from each the five 
broken strips (five replications in total) which were tested in this chapter. The objective 
of this experiment was measure the particleboard four-layer strain and Poisson’s ratio in 
pure tension.  
The two group tension specimen have same configuration. A 6 inch-long × 1 
inch-wide × 0.81 inch-thick rectangular sample was first cut off from each bending 
replication. Then the rectangular samples were sliced into four layers along the length 
direction. The layers were labeled from No.1 to No.4, which corresponded to the bending 
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tension side to the bending compression side when the strip was subjected bending force. 
The actual particleboard thickness was approximately 0.82 inch, and 0.042 inch material 
was loose by the band saw kerf. The No.1 and No.4 face layers were 0.155 inch thick. 
No.2 core layers was 0.187 inch thick. The No.3 core layer’s thickness varied and 
depended on the entire sample’s thickness. The cutting diagram of four-layer sample set 
shows in Figure 3.4 (a). 
Testing – first group tension test. After preparing the four-layer specimens, the 
each layer was tested pure tension on the Instron series 5566 universal testing machine. 
The load rate designed for wood composite tension test was 0.15 in./min in ASTM D 
1037 [14]. While, the load rate for thin polymer matrix composite materials test was 0.05 
in./min in ASTM D 3039 [24]. The load rate effect of particleboard four-layer tension test 
should be studied. Three groups of tension sample (sixty replicates for each group) were 
prepared and tested rates of 0.05, 0.15 and 0.4 in./min, respectively. The tension test 
setup was design according to ASTM D 1037 which is shown in Figure 3.4 (b). An 
extensometer (2 inches gauge length, 4% instrument with a full scale of 0.08 inches. 
Tinius Olsen, Horsham, PA, USA) was attached on the tension specimen to measure the 
strain of tension.  











Where: σ = tensile strength (psi.), Pmax= maximum tensile load (lbs.), b = width of 
the tensile area (in.), d = layers’ thickness of tensile area (in.), 𝜀𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = tension strain 
(in./in.). 
Second group tension test. The four layers were performed the pure tension test 
on the Instron series 5566 load frames universal testing machine. The load ratio for wood 
the test was designed as 0.15 in./min in ASTM 1037. Two strain gauges (KFGS-5-350-
C1-11, KYOWA Americans Inc. Novi, MI) were attached to the central of the tension 
specimen to measure transverse contraction strain and longitudinal extension strain. The 
strain of tension were recorded by the LabVIEW software (National Instruments, Austin, 
TX). The testing setup of tension strain measurement is shown in Figure 3.4 (c).  
 
Figure 3.4 Specimen cutting pattern of four-layer tension, (b) testing setup for 
evaluating tension strength of particleboards, and (c) testing setup for 




3.2.4 Particleboard four-layer strain in pure compression 
Experimental design – There are two groups of compression specimen. One 
group was cut from first tension group specimens (0.05 in./min. load ratio; sixty 
replications in total). The sample size was 1.5 inches long × 1 inch wide × corresponding 
inch thick. The objectives of this testing were to study the compression strength of 
particleboard. In this test, only the layer 3 and layer 4 (bending compression side) were 
selected to conduct the pure compression test. Another group was cut off from the second 
tension group specimens. The sample size was 2 inches-long × 1 inch-wide × 
corresponding inch-thick. The objective of this experiment was to measure the material’s 
pure compression strain and Poisson’s ratio. 
Testing – first group compression test. After preparing the compression 
specimens, the pure compression test was conducted on the Instron series 5566 universal 
testing machine. The load rate was 0.02 in./min which according to ASTM D 1037. The 
sample configuration and testing setup are shown in Figure 3.5 (a). 
Second group compression test. The testing setup and load ratio was same with 
the first group compression test. Two strain gauges (KFGS-5-350-C1-11, KYOWA 
Americans Inc. Novi, MI) were attached to the two surface of the compression specimen 




Figure 3.5 (a) Testing setup for evaluating compression strength of particleboards, and 
(b) testing setup for evaluating compression strain and Poisson’s ratio. 










σ = compression strength (psi.), Pmax= maximum compression load (lbs.), w = 
width of the compression area (in.), t = layers’ thickness of compression area (in.), ε = 
compression strain (in./in.). 
3.3 Results and analysis 
3.3.1 Strain distribution and neutral axis shift of particleboard bending 
Figure 3.6 illustrated that the neutral axis changes as bending load increases from 
20 lb. to the ultimate load at 120 lb. According to the video that was recorded, the neutral 
axis (black band) started at the tension side at the beginning of test, then gradually moved 
to the center of beam when load reached round 80 lbs. With the load increasing, the 
neutral axis kept shifting toward the compression side until the maximum bending load 
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caused the failure. A typical stress-strain curve of particleboard in bending, and layer 1 in 
pure tension and layer 4 in pure compression shown in Figure 3.7. The graph shown the 
face layer pure tension stress-strain curve was linearly increased until the stress reached 
around 300 psi. The yield point of the face layer in pure compression was approximately 
2300 psi. Table 3.1 summarized the MOR and the maximum strain at the tension and 
compression side. The results shown the variety of bending moment between the five 
specimens was small. The maximum strain was approximately the same on the tension 
and compression sides. Table 3.2 and Table 3.3 illustrated the stress and strain of four-
layer tension and face layer compression. The average bending tension strain was 0.0036 
in./in. which is higher than the layer 1 pure tension strain (0.0021 in./in.). The average of 
bending compression strain was 0.00371 in./in. which is slight lower than the maximum 
layer 4 pure compression strain (0.0039 in./in.). The modulus of elasticity of the face 
layer compression was higher than that of tension, which indicated the particleboard is 
the bi-modular material. The results indicated when the particleboard failure in bending, 
the material in tension far exceeded its elastic property and reaching its plastic property, 









Figure 3.7 Stress-strain curve of particleboard in bending, and face layer in pure 
compression and pure tension. 
 





Max. Tension side 
strain (in./in.) 
Max. Compression 
side strain (in./in.) 
321-11B 562 0.00356 -0.00379 
323-6B 581 0.00359 -0.00381 
323-3-1x 576 0.00367 -0.00368 
322-2X-3 609 0.00380 -0.00381 
323-6-1x 581 0.00336 -0.00348 



















MOR-strain in compression side
MOR-Strain in tension side
Face layer pure compression stress-strain












































































































































































































































































































































































































































































































































































































































































































































3.3.1 Speed impact of tension strength 
The mean comparison of particleboard four-layer tension strength with three load 
rate categories is listed in Table 3.4 and Table 3.5. The least significant difference (LSD) 
multiple comparison procedure at the 5% significance level (alpha = 0.05) was performed 
to determine statistical mean differences. In general, tension strength tested with 0.4 
in./min. was significantly higher than 0.05 in./min. and 0.15 in./min. But there was no 
statistically significant difference between if tested layer 1 and layer 2 tension strength in 
the 0.05 in./min. and 0.15 in./min. The different comparison results observed in Layer 3 
and Layer 4 if applied bending load on bottom face: the tension strength tested in 0.4 
in./min and 0.15 in./min. were significantly higher than 0.05 in./min, but no significant 
difference of tension strength was observed between 0.4 in./min and 0.15 in./min.  
Table 3.4 Mean comparisons of four-layer tension strength of particleboard in three 
load ratios (was applied bending load on top face). 
Tension strength when beam was applied bending load on top face (psi.) 
Speed Layer 1 Layer 2 Layer 3 Layer 4 
0.05 in/min 853(11)a Bb 354(10) A 316(12) B 726(11) B 
0.15 in/min 841(10) B 377(11) A 326(7) B 748(9) B 
0.4 in/min 917(7) A 394 (13) A 348 (8) A 852 (8) A 
a COV,  b values in the column with the same letter are not statistically different at 5% 
significance level. 
Table 3.5 Mean comparisons of four-layer tension strength of particleboard in three 
load ratios (was applied bending load on bottom face). 
Tension strength when beam was applied bending load on bottom face (psi.) 
Speed Layer 1 Layer 2 Layer 3 Layer 4 
0.05 in/min 742(9) B 319(19) B 340(13) B 757(12) B 
0.15 in/min 774(9) B 319(9) B 368(14) A 861(9) A 
0.4 in/min 869(12) A 369(10) A 382(9) A 902(11) A 




3.3.2 Pure tension and compression strength of beam 
The LSD mean comparison of layer 1, layer 2 pure tension and layer 3, layer 4 
pure compression with two load faces is listed in Table 3.6. The LSD comparison results 
shown the MOR and tension strength of Layer 1, Layer 2 with bending load was applied 
on top surface was significantly higher than the bending load was applied on top surface. 
Mean comparisons of four-layer pure tension and pure compression strength of 
particleboard (was applied bending load on top and bottom face). 
  MOR Layer 1 PT Layer 2 PT Layer 3 PC Layer 4 PC 
Applied bending 




841(11) A 377(11) A 878(12) A 2252(13) A 
Applied bending 




774(9) B 319(9) A 993(20) A 2302(15) A 
 
The scatter plot of layer 1 pure tension strength (PT), layer 2 pure tension strength 
(PT), layer 3 pure compression strength (PC) and layer 4 pure compression strength with 
particleboard MOR (was applied bending load on top face and bottom face respectively) 
are shown in Figure 3.8 and Figure 3.9. The implication of this funding is that there is 
some variation of the data points around the line, a positive linear relationship exists 
between layer 1 PT and layer 4 PC against the MOR. Comparing the four-layer pure 
tension and compression with two load faces, we get new evidence that the coefficient of 
correlation of layer 4 PC were r = 0.65 (applied load on top face) and r = 0.71 (applied 
load on bottom face). Layer 4 PC are very highly correlated MOR and the impact effect 
is more significant than other layers. Layer 3 PC was positive related with MOR when 
applied load on top (r = 0.04) and bottom (r =0.28). The evidence indicated that the 
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compression strength was more governing the bending properties, but tension strength 
decided how best utilized the compression properties when the particleboard subject 
bending.  
 
Figure 3.8 Layer 1 PT, layer 2 PT, layer 3 PC and layer 4 PC ― particleboard MOR 























































Applied bending load on top face
Layer 1 pure tension Layer 2 pure tension




Figure 3.9 Layer 1 PT, layer 2 PT, layer 3 PC and layer 4 PC ― particleboard MOR 
(was applied bending load on bottom face) scatter plot. 
 
Table 3.6 The coefficient of correlation of MOR (was applied bending load on top 
face) with layer 1 PT, layer 2 PT, layer 3 PC and layer 4 PC. 
 MOR Layer 1 PT Layer 2 PT Layer 3 PC Layer 4 PC 
MOR 1     
Layer 1 PT 0.30 1    
Layer 2 PT -0.06 0.57 1   
Layer 3 PT 0.04 0.02 0.15 1  
Layer 4 PT 0.65 0.49 0.22 -0.10 1 
 
Table 3.7 The coefficient of correlation of MOR (was applied bending load on 
bottom face) with layer 1 PT, layer 2 PT, layer 3 PC and layer 4 PC. 
 MOR Layer 1 PT Layer 2 PT Layer 3 PC Layer 4 PC 
MOR 1     
Layer 1 PT 0.10 1    
Layer 2 PT -0.04 -0.00 1   
Layer 3 PT 0.28 -0.19 0.44 1  






















































Applied bening load on bottom face
Layer 1 pure tension Layer 2 pure tension
Layer 3 pure compression Layer 4 pure compression
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3.4 Discussion and conclusion 
The neutral axis appeared to be on tension side at the beginning of test, then it 
shifted to compression side when the bending load arrived the ultimate to cause failure. 
The strain measurement of indicated the strain of pure tension test was much lower than 
the strain tested in bending tension side, while the strain of pure compression test was 
approximately equal to the strain tested on the bending compression face. The neutral 
axis shift and strain comparison indicated that the bending moment experienced an 
increase when tension side reached its maximum strain. The face layer material in tension 
fully yielded when beam failed. The ultimate tension strength was reached before the 
maximum bending moment was developed. Since there is a variation of the compression 
strain, the face layer material in compression should be fully or partially yielded when the 
beam fails. 
The particleboard four-layer specimen which was tested at 0.4 in./min speed 
generally showed the highest tension strengths. The bi-modular property of particleboard 
was identified by the face layer tension and compression test result. The modulus of 
elasticity of compression was higher than tension. The LSD results of four layer tension 
and compression strength comparison confirmed the particleboards used in this study 
were not symmetric at the thickness direction. The MOR was higher when higher tension 
strength material was subjected tension during the bending test. The coefficient of 
correlation of compression strength was higher than the tension strength. This results 
indicated that the compression strength was more relating toward the bending properties 




FAILURE ANALYSIS OF PARTICLEBOARD IN BENDING WITH LINEAR-
ELASTIC PROPERTIES 
4.1 Literature review 
4.1.1 Failure theories 
Among failure theories developed for composite material, maximum stress, 
maximum strain, Tsai-Hill, and, Tsai-Wu are the most common four theories in used. In 
this study, the maximum normal stress theory (or Rankine's theory) [25] was applied to 
determine stress upper limits of bending. The normal stress theory is satisfactory for 
brittle materials, but it is not applicable to ductile materials, the stress-strain of 
particleboard was first assumed as a linear-elastic behavior here. When a beam is subject 
to a bending load (Figure 4.1a), the bending moment will cause the material in bottom 
side to be subjected to tensile stresses and its top side to be subjected to compressive 
stresses (Figure 4.1b). The surface subjected to zero tensile and compressive stresses is 
the neutral surface. The resultant forces produced along tensile and compressive sides 
over the cross-section area must be summarized to zero. The transverse shear strength 




Figure 4.1 Diagram showing a rectangular cross section beam subjected to a bending 
load (a) free-body diagram and (b) tension and compression stress 
distributions at its cross section. 
 
According to the maximum normal stress theory, for an isotropic linear-elastic 
material subjected only a bending moment, the failure occurs when at least one of the 
maximum stress components exceeds the corresponding the material ultimate strength: 
 Tension failure: 
𝑀𝑂𝑅
𝜎𝑡
≥ 1 (4.1) 
 Compressive failure: 
𝑀𝑂𝑅
𝜎𝑐
≥ 1 (4.2) 
Where:  
MOR= modulus of rupture; 
𝜎𝑡= maximum normal stress in tension side; 
𝜎𝑡= maximum normal stress in compression side; 
P= maximum bending load applied on the beam; 
𝑏ℎ= the area of the beam cross section. 
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For the four layers particleboard which was subjected to bending, there are two 
possible failure regions: tensile failure at tension zone, compression failure at 
compression zone as shown in Figure 4.2.  
 
Figure 4.2 Stress distribution and possible failure regions of four-layers particleboards 
subjected to bending loads. 
 
4.1.2 Laminate composite failure analysis 
For a composite material, we known the laminate failure may not be catastrophic. 
It is possible that some layers fails first and that the composite continues to take more 
loads until all the plies fail. Failed plies may still contribute to the stiffness and strength 
of the laminate [16]. The particleboard was formed by four layers and can be regard as a 
four layers laminate. Therefore, more accurate failure analysis which consider the each 
layer’s properties is needed. 
The degradation of stiffness and strength properties of each failed lamina depends 
on using the micro-mechanical analysis method to find the stress and strain in a laminate 
under in-plane loads. Then, applying the failure theories to predict loads to cause failure 
in a laminate. The detailed procedure for finding the allowable loads (or moment) 
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between first ply failure and last ply failure were well described in the books or articles of 
mechanics of composite materials [26][27]. The summarized procedure is given below: 
1. Conducted the mechanical testing to measure the composite and each plies’ 
properties, such as: tension strength, elastic modulus, Poisson’s ratio, stacking 
position, thickness, and angle of fiber orientation. 
2. Used laminate analysis method to find the mid-plane strains and curvatures. 
3. Determined the local stress and strains in each ply under the assumed load or 
moment. 
4. Employed the failure theories to find the strength ratio. Multiplying the 
strength ratio to the applied load or moment provided the load level of failure 
of the first ply failure load or moment. 
5. Repeated the preceding steps until all the plies in the laminate have failed.  
For a general multi-layered laminate, the relationship between the mid-plane 
strains/ curvatures related to force/ moment resultants can be obtained by the laminate 
counterparts of transformed engineering constants as follows (the detail derivation 
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It should be noted that the moment resultants in Equation 4.3 are on a unite width 
basis, and must be multiplied by the width of the beam to get the total moment used in 







This work assumed that the particleboard face and core layer are both isotropic 
laminates. The fiber angle is zero since the wood particles are randomly distributed. As 
studied in previous chapter, we know the four-layer particleboard used in this study was 
an asymmetric body. In the case of isotropic non-symmetric particleboard beams with 
fiber layup with zero angle, Equation 4.4 can be simplified, with bending taking place 
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By applying Equation 4.6, 4.8 and 4.11 to Equation 4.12, the local stresses in each 




























4.2 Failure analysis 
The procedure for finding the allowable bending moment between first ply failure 
and last ply failure were following the process which describe in 4.1.2. The layup and 
properties of particleboard beam with 18 inch-length and 3 inch-width, as shown in Table 
4.1: 











MOE (psi) 424,286 215,519 463,010 650,721 --- 
Poisson ratio 0.243 0.199 0.223 0.364 --- 
Ply thickness (in.) 0.16 0.25 0.25 0.16 0.82 
Fiber angle 0 0 0 0 --- 
Pure tension 
failure stress (psi) 
--- --- --- --- 681 
 
Finding the reduced stiffness matrix [𝑄] According to Equation 3.10, the [𝑄] 























Using Equation for 𝐵𝑖𝑗 and𝐷𝑖𝑗, find the[𝐵], [𝐷], [𝐵]
−1 and [𝐷]−1matrix: 
[𝐵] = [
−24.0 × 103 −10.6 × 103 0
−10.6 × 103 −24.0 × 103 0
0 0 −6.7 × 103
] 
[𝐷] = [
25.0 × 103 7.6 × 103 0
7.6 × 103 25.0 × 103 0
0 0 8.7 × 103
] 
[𝐵]−1 = [
3.2 × 10−6 −3.1 × 10−6 0
−3.1 × 10−6 3.2 × 10−6 0
0 0 7.0 × 10−6
] 
[𝐷]−1 = [
46.8 × 10−6 −13.2 × 10−6 0
−13.2 × 10−6 46.8 × 10−6 0
0 0 120 × 10−6
] 
Calculated the mid-plane strains and curves, as shown in Table 4.2. Appling the 
[𝐵]−1and [𝐷]−1 to Equation 4.13, then the local strain and stresses in each ply under the 
assumed moment 𝑀1 can be determined. According to maximum normal stress failure 
theory, the bending moment per unit length 𝑀1and beam moment 𝑀𝑏𝑒𝑎𝑚to cause the first 
ply failure is shown in Table 4.5. The maximum value of the allowable bending moment 
is 170 lb-in. Because none of the layers is left undamaged after the layer 1 failed on the 




Table 4.2 Local stress and strain in 1direction in particleboard beam due to 𝑀1. 
Layer 
number 
Position 𝜀1(in./in.) 𝜎1(psi.) 
1(0˚) 
Top −16.0 × 10−6𝑀1 −12.0𝑀1 
Bottom −8.5 × 10−6𝑀1  −6.4𝑀1 
2(0˚) 
Top −8.5 × 10−6𝑀1 −4.2𝑀1 
Bottom 3.2 × 10−6𝑀1 1.6𝑀1 
3(0˚) 
Top 3.2 × 10−6𝑀1 0.72𝑀1 
Bottom 14.9 × 10−6𝑀1 3.3𝑀1 
4(0˚) 
Top 14.9 × 10−6𝑀1 6.7𝑀1 
Bottom 22.4 × 10−6𝑀1 10.1𝑀1 
 
Table 4.3 Bending moment to cause the first ply failure.  
Layer 
number 
Position 𝑀1(lb-in./in) 𝑀𝑏𝑒𝑎𝑚(lb-in.) 
1(0˚) 
Top -57 -170 
Bottom -107 -320 
2(0˚) 
Top -164 -492 
Bottom 439 1315 
3(0˚) 
Top 952 2856 
Bottom 204 611 
4(0˚) 
Top 101 304 
Bottom 67 202 
 
4.3 Discussion and conclusion 
The results indicate the first ply failure of particleboard subjected bending 
occurred in the compression side. The allowable bending moment caused first ply failure 
(also equal to the composite failure) calculated from the laminate composite failure 
analysis was 170 lb-in. in the compression face. This estimate bending moment caused 
the first ply failure is 1.9 times smaller than the tested proportional bending moment (320 
lb-in.), and 3.2 times smaller than the ultimate bending moment (540 lb-in.). The 
discrepancy between the estimated moment and measured moment may be caused by the 
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following reason: the maximum stress theory is applicable to brittle material. The 
modulus of elasticity used in the laminate failure analysis was adapted from the yield 
point at the stress-strain curve, it is not able to describe the true material behaviors of 
ductile material: particleboard. Therefore, the theory of particleboard bending failure and 
the relationship of normal strength with MOR, the non-linear stress-strain failure criteria 
of particleboard bending with different modulus of tension and compression has been 







FAILURE ANALYSIS OF NON-LINEAR BI-MODULAR PARTICLEBOARD IN 
BENDING 
5.1 Basic assumption 
To determine the ultimate bending moment, the non-linear elastic plastic behavior 
of particleboard in tension and compression was considered in the prediction models. The 
general assumptions for the particleboard bending stress and strain development is 
described below: 
When the material was under its tension strength-strain in the elastic region, the 
beam tension and compression strengths were linearly distributed across the cross 
section, and the neutral axis were located in the central of the beam, (Figure 5.1, zone 1). 
After the tension strength exceeded its proportion limit, a non-linear stress distribution 
was formed across the cross section. At that time, the neutral axis was at the center of the 
beam’s depth, (Figure 5.1, zone 2). Tension strength of the face layer exceeded to its 
ultimate. The response of compression was assumed to be no limit increase. To meet the 
condition of zero net axial load, the net tension force must balance the net compression 
force. Thus, the neutral axis shifted toward the compressive face, while the bending 
moment undergoes an increase (Figure 5.1 zone 3). Then, the face material was gradually 





beam tension strain exceeds the ultimate tension strain and stress distribution was far 
from linear when maximum moment reached. The development process of stress 
distribution under increasing bending moment is shown in Figure 5.1. 
 
Figure 5.1 Stress distribution in a particleboard caused by progressively increasing 
bending moment. 
5.2 Model derivation 
There are four primary models to predict the bending moment development 
process at the proportional limit, yield, and ultimate stages. The cross section of the four 
layer particleboard beam is 3 inch-wide × 0.82 inch-thick. The face layers was 0.16 inch-
thick, and the core layer was 0.25 inch-thick, respectively. 
The following notations were used: 
𝜎𝐹𝑇,𝑢𝑙𝑡= Face layer ultimate tension strength, psi; 
𝜎𝐹𝐶= Face layer compression strength, psi; 
𝜎𝐹𝐶,𝑢𝑙𝑡= Face layer ultimate compression strength, psi; 
𝜎𝐹𝐶,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙= Face layer compression strength with the critical value, psi; 





𝑤= the width of beam, inch; 
𝑎= face layer thickness, inch; 
𝑏= core layer thickness, inch; 
𝑚= the thickness of face material exceed its compression yield, inch; 
𝑛= the thickness from neutral axis to the interface of face and core layer, inch; 
 𝑀𝑇= bending moment created by tension strength; 
 𝑀𝐶= bending moment created by compression strength; 
𝑀= the sum of bending moment, lb-in. 
5.2.1 Linear elastic Model 1: tension and compression side reached ultimate 
tension strength 
Model 1 considered an idealized linear elastic stress-strain curve in tension. 
Where the bending failure occurred when the strength at the tension surface was up to the 
ultimate tension strength𝜎𝐹𝑇,𝑢𝑙𝑡. In compression, the response was linear with the same 
modulus as in the initial part of the tension curve, 𝜎𝐹𝐶 = −𝜎𝐹𝑇,𝑢𝑙𝑡. It was assumed to be 
no upper limit on the compression stress. The response of the bending moment was a 
linear elastic beam. At that moment, the stress was 𝜎𝐹𝑇,𝑢𝑙𝑡(tension) on the tensile surface, 
and −𝜎𝐹𝑇,𝑢𝑙𝑡(compression) on the other surface. The neutral axis was located at mid-
depth of cross section. The basic relationships between stresses and strains, along with 
the distribution of stress when that limit is reached are shown in Figure 5.2. We can 
determine the moment in the beam from the failure requirement equal to the sum of 






Figure 5.2 Distribution of stresses in the cross section (tension and compression 
reached ultimate tension strength) 
𝑀 = 𝑀𝐶 + 𝑀𝑇 












5.2.2 Non-linear elastic-plastic Model 2: tension fully yield, compression at the 
critical elastic region  
Model 2 considered that the material tension and compression stress-strain curves 
behave in a non-linear elastic-plastic manner. Herein assumed it was the bending moment 
was continuously increasing from the tension exceeded its proportional limit to the 
tension reached its ultimate in plastic region. Thus, the material at the tensile face layer 
was fully yielded and load was uniformed distributed. The core layer in tension was 
linearly distributed from the interface to the neutral axis. Since the compression strength 
and strain were much higher than that of tension, the compression strength of face 
material can continually increase from 𝜎𝐹𝐶 = −𝜎𝐹𝑇,𝑢𝑙𝑡to the𝜎𝐹𝐶 = 𝜎𝐹𝐶,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 in its 
elastic region. To meet the condition of zero net axial load, the neutral axis shifted toward 





Figure 5.3. The critical compression strength was determined by sum of the resultant 
force produced by the stress distribution over the cross sectional area equal to zero, as 
showing in Equation 5.2. Then the moment in the beam from the failure requirement 
equaled to the sum of resultant internal moment, Equation 5.3. 
 
Figure 5.3 Distribution of stresses in the cross section (tension fully yield, 
compression at the critical elastic region to balance the net tension force). 
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𝑤 ∙ 𝜎𝐹𝐶,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝑎 + 𝑛)
2
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2
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2
= 𝜎𝐹𝑇,𝑢𝑙𝑡 ∙ 0.16 ∙ 3 +
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+ 𝜎𝐹𝑇,𝑢𝑙𝑡 ∙ 0.16 ∙ 3 ∙ (
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 𝑀 = 𝜎𝐹𝐶,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(0.16 + 𝑛)
2 + 𝜎𝐹𝑇,𝑢𝑙𝑡(0.2784 − 0.48𝑛) + 𝜎𝐹𝑇,𝑢𝑙𝑡(0.5 − 𝑛)
2 (5.3) 
5.2.3 Non-linear elastic-plastic Model 3: tension fully yield, compression surface 
just reached its plastic region  
The assumptions of Model 3 were the same as that of Model 2. The only 
difference is the surface material in compression side just reached its ultimate strength 
𝜎𝐹𝐶 = 𝜎𝐶𝑇,𝑢𝑙𝑡 in its plastic region. Part of face material subjected compression was in 
trapezoidal distribution from ultimate strength to its proportional limit. The residual face 
material was subjected linearly distributed compression strength from the critical point of 
material reached its proportional limit to the neutral axis. To meet the condition of zero 
net axial load, the neutral axis shifted toward the compression side. The distribution of 
stress when limit is reached is shown in Figure 5.4. The critical compression strength was 
determined by sum of the resultant force produced by the stress distribution over the 





from the failure requirement equaled to the sum of resultant internal moment, Equation 
5.5. 
 
Figure 5.4 Distribution of stresses in the cross section (tension fully yield, 
compression surface just reached its plastic region). 
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𝑀 = 𝜎𝐹𝐶,𝑝𝑙 ∙ 𝑚 ∙ 3 ∙ (
𝑚
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𝜎𝐹𝐶,𝑝𝑙(𝑛 + 0.16 − 𝑚)
2
3
+ 𝜎𝐹𝑇,𝑢𝑙𝑡 ∙ 0.16 ∙ 3 ∙ (
0.16
2
+ 0.5 − 𝑛)
+ 𝜎𝐹𝑇,𝑢𝑙𝑡(0.5 − 𝑛)
2 
 𝑀 = 𝜎𝐹𝐶,𝑝𝑙(3𝑚𝑛 + 0.48𝑚 − 1.5𝑚
2) + (𝜎𝐹𝐶,𝑢𝑙𝑡 − 𝜎𝐹𝐶,𝑝𝑙)𝑚
2 + 𝜎𝐹𝐶,𝑝𝑙(𝑛 + 0.16 −
𝑚)2 + 𝜎𝐹𝑇,𝑢𝑙𝑡(0.2784 − 0.48𝑛) + 𝜎𝐹𝑇,𝑢𝑙𝑡(0.5 − 𝑛)
2 (5.5) 
5.2.4 Non-linear elastic-plastic Model 4: tension fully yield, compression fully 
yield 
The assumptions of Model 4 were the same that as Model 2 and model 3. The 





uniformed distributed, 𝜎𝐹𝐶 = 𝜎𝐶𝑇,𝑢𝑙𝑡. The residual face material was linearly distribution 
from the extreme face to the neutral axis. To meet the condition of zero net axial load, the 
neutral axis shifted toward the compression side. The distribution of stress that limit was 
reached is showed in Figure 5.5. The critical compression strength was determined by the 
sum of the resultant force produced by the stress distribution over the cross sectional area 
equal to zero, shows in Equation 5.6. Then the moment in the beam from the failure 
requirement equaled to the sum of resultant internal moment, Equation 5.7. 
 
Figure 5.5 Distribution of stresses in the cross section (tension fully yield, 
compression surface just reached its plastic region). 
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 𝑀 = 𝜎𝐹𝐶,𝑢𝑙𝑡(3𝑚𝑛 + 0.48𝑚 − 1.5𝑚
2) + 𝜎𝐹𝐶,𝑢𝑙𝑡(𝑛 + 0.16 − 𝑚)
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2 (5.7) 
5.3 Comparison between experimental and theoretical 
The face layer tension and compression strength tested in chapter 3 was used to 
verify the accuracy of the prediction equations, shows in Table 5.1, which adapted from 








The proportional limit, yield, and ultimate bending moment were picked from 
bending moment-load displacement curves. The yield bending moment was determined 
through offsetting the proportional limit straight line by a deformation equal to 5% of the 
load displacement, as shown in Figure 5.6. 
The value obtained experimentally agreed well with the theoretical value: the 
comparison as shown in Table 5.2. The ratio of experimental and theoretical 
demonstrates that the prediction models work well towards estimating the non-linear bi-
modular particleboard bending moment. The accuracy was enhanced from proportional 
limit to ultimate failure. The results indicates the hypothesis of theoretical model was 
correct.  


















Mean 754 890 2117 2449 
 
Table 5.2 Experimental and theoretical moment of particleboard. 








Model 1 254 1.3 
Yield 495 Model 2 371→ 498 1.3→1 
Ultimate 582 
Model 3 495→560 1.2→1 







Figure 5.6 Particleboard load displacement to bending moment curve. 
 
5.4 Bending failure model for design the layer properties of particleboard 
It was concluded that the proposed model for predicting non-linear bi-modular 
particleboard bending moments was valid. A relationship of the face layer tension, face 
layer compression, and bending moment were used to design the desired particleboards. 
The face layer’s tension strength ranged from 674 psi to 984 psi, and the face layer 
compression strength ranged from 1886 psi to 2696 psi when the bending load applied on 
top face, as shown in Table A.1. If settled the bending moment with the target value 
which ranged from 500 lb-in to 600 lb-in. (MOR ranged from 1778 psi to 2133 psi). By 
using the Model 4 of bending failure and corresponding tested parameter, the 
combination of face tension, compression strength was developed from a 3-D plot, as 
shown in Figure 5.6.  
To meet the minimum bending moment requirement (500 lb-in.), the minimum 





strength was up to its highest value (2700 psi), as shown in Figure 5.6 (a). Regardless 
how much the face layer compression strength increased, the bending moment will not 
meet the target if the tension strength was lower than 770 psi. With increasing face layer 
tension strength, the combination of tension-compression strength was increased. When 
the tension strength of the face layer was 800 psi, the face layer’s compression strength 
can be ranged from 2030 psi to 2700 psi, as shown in Figure 5.6, (b). When the tension 
strength of face layer was 925 psi, the face layer compression strength can be ranged 
from the lowest (1500 psi) to the highest (2700 psi) values, as shown in Figure 5.6 (c). 
By comparing the four 3-D plots it was found that, the bending moment increased 
with increasing the face layer tension, compression strength, and the thickness of yielded 
face material.  If the thickness of fully yield face material was constant, the required face 






Figure 5.7 3-D plot of face layer tension (𝜎𝐹𝑇), face layer compression strength (𝜎𝐹𝐶), 
thickness of face material exceed its compression yield strength (m) and 






According Table 5.1, the most accurate were developed with Model 4, with “m = 
0.16” (which means all the face layer material was fully yielded). It was assumed that 
bending failure occurred when all face layer material has fully yield in compression. 
When the face layer tension strength was at least 925 psi, the largest range of face layer 
compression strength (1500 psi to 2400 psi) occurred. In another words, it earned the 
most efficient and economic combinations as compared to other face layer tension 
strength. 
5.5 Discussion and conclusion 
The bending moment of four-layer particleboard was modeled by considering the 
real mechanical behavior of four-layers: non-linear and bi-modular. The development 
process of bending strength distribution at the cross section was described by four 
numerical mechanical models. By comparing the experimental and theoretical results, it 
was confirmed that the prediction models are able to estimate the bending moment 
development during the bending test. A 3-D plot was created for describing the design 
boundary and combination of particleboard layer’s mechanical properties. The plots 
visualized estimates of the general behavior of particleboard bending moment after 
correction factors were applied. The results showed that, a smooth convex curved surface 
was developed about the bending moment with particleboard face layer tension strength, 
face layer compression strength, and the thickness of face layer at full compression yield. 





strength and the thickness of face layer at full compression yield. To meet the minimum 
bending moment requirement (500 lb-in.), the face layer’s tension strength should higher 
than 770 psi. The most efficient and economic design was found when face layer tension 
strength reached to 925 psi and the range of face layer compression strength was from 








A significant variation of particleboard modulus of rupture (MOR) was observed 
in a density well-controlled process. To gain the understanding of the layer’s mechanical 
properties vertical distribution effects of particleboard MOR, the test of tension strength 
profile were carried out. The results indicated MOR of particleboard was improved by 
increasing the face layer tension strength, but the MOR decreased as peak-tension 
strength moved further away from the particleboard surface. Since the correlation of 
layer’s tension strength with MOR was relatively or weak, the maximum normal stress 
theory and laminate composite failure analysis were used to identify the particleboard 
failure type and the bending moment to cause the first ply failure. The results showed that 
the particleboard first ply failure occurred in compression face layer. The coefficient of 
face layer compression strength with MOR was higher than the face layer tension 
strength with MOR.  
There was a discrepancy between the allowable bending moment calculated from 
the laminate composite failure analysis (170 lb-in.) and the observed proportional 
bending moment (320 lb-in.) and ultimate bending moment (540 lb-in). The discrepancy 
was caused by not considering the elastic-plastic property of particleboard and the tension 





and compression properties resulted in the neutral axis shift from bending tension side to 
bending compression side. Four theoretical models were employed to calculate the 
particleboard bending moment development process. The elastic-plastic bi-modular 
behavior of particleboard was incorporated into the models. The validity of theoretical 
models was confirmed by the comparison of theoretical and experimental results. The 
failure analysis and statistical results indicated that the compression strength was mainly 
governing the bending properties, while tension strength decided how best utilized the 
compression properties when the particleboard was subjected to bending. The efficiency 
and economic combination of the layers’ properties for 0.82 inches particleboard with 
target bending moment was found when face layer tension strength was 925 psi, and 
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RELATIONSHIP BETWEEN EDGE LOADS AND MID-PLANE STRAINS AND 
CURVATURES 
If stress components within each layer are integrated individually from the top 
surface of the laminate to the bottom surface, we obtain the corresponding force 
resultants (as shown in Figure A.2) can be found: 
 𝑁𝑥 = ∫ 𝜎𝑥𝑑𝑧
ℎ/2
−ℎ/2
  (A.1) 
 𝑁𝑦 = ∫ 𝜎𝑦𝑑𝑧
ℎ/2
−ℎ/2
  (A.2) 





Figure A.1 Resultant forces on a laminate. 
 
Where each force resultant in equation A.1, A.2 and A.3 represents force per unit 
length along the corresponding laminate dimension. Similarly, each moment resultant (as 
shown in Figure A.2) can be found as: 
 𝑀𝑥 = ∫ 𝜎𝑥𝑑𝑧
ℎ/2
−ℎ/2
  (A.4) 
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 𝑀𝑦 = ∫ 𝜎𝑦𝑑𝑧
ℎ/2
−ℎ/2
  (A.5) 





Figure A.2 Resultant forces on a laminate. 
 
Where a moment resultant is in units of moment per unit length. For a laminate 






























𝑘=1  (A.6) 
Where 𝑧0 = −
ℎ
2⁄  and 𝑧1 = −
ℎ




Figure A.3 Geometry of plies in a multi-layered laminate. 
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𝑘=1  (A.9) 
Since the stiffness matrix in each layer is not a function of z, it is taken outside of 
the integral but not the summation sign because z can vary from layer to layer. Also since 
the mid-plane strains and curvatures are not functions of z, they can be taken out side of 




















































Where [A] is laminate extensional stiffness matrix, [B] is laminate coupling 
stiffness matrix, and [D] is laminate bending stiffness matrix, with the ij term in each 
matrix obtained as: 
 𝐴𝑖𝑗 = ∑ (𝑄𝑖𝑗̅̅ ̅̅ )𝑘(z𝑘 − z𝑘−1)
𝑁𝐿
















𝑘=1  (A.14) 




























𝐴11 𝐴12 𝐴16 𝐵11 𝐵12 𝐵16
𝐴12 𝐴22 𝐴26 𝐵12 𝐵22 𝐵26
𝐴16 𝐴26 𝐴66 𝐵16 𝐵26 𝐵66
𝐵11 𝐵12 𝐵16 𝐷11 𝐷12 𝐷16
𝐵12 𝐵22 𝐵26 𝐷12 𝐷22 𝐷26







































Table B.1 MOR of vertical direction. 
MOR of vertical direction (psi.) 
Sample number 
Apply bending load 
on Bottom Sample number 
Apply bending 
load on Top Difference 
1-V1-1 1710 1-V1-2 1980 270 
1-V2-1 1840 1-V2-2 1900 60 
1-V3-1 1690 1-V3-2 1860 170 
2-V1-1 1930 2-V1-2 2000 70 
2-V2-1 1860 2-V2-2 1910 50 
2-V3-1 1850 2-V3-2 1900 50 
3-V1-1 1940 3-V1-2 2110 170 
3-V2-1 1830 3-V2-2 1880 50 
3-V3-1 1890 3-V3-2 1830 -60 
4-V1-1 1840 4-V1-2 2090 250 
4-V2-1 1810 4-V2-2 1780 -30 
4-V3-1 1720 4-V3-2 1860 140 
5-V1-1 1770 5-V1-2 2040 270 
5-V2-1 1880 5-V2-2 1960 80 
5-V3-1 1730 5-V3-2 1870 140 
 
Table B.2 MOR of parallel direction. 
MOR of parallel direction (psi.) 
Sample number 
Apply bending load 
on Bottom Sample number 
Apply bending load 
on Top Difference 
1-P1-1 1600 1-P1-2 1770 170 
1-P2-1 1690 1-P2-2 1800 110 
1-P3-1 1720 1-P3-2 1760 40 
2-P1-1 1740 2-P1-2 1890 150 
2-P2-1 1780 2-P2-2 1870 90 
2-P3-1 1570 2-P3-2 1760 190 
3-P1-1 1700 3-P1-2 1850 150 
3-P2-1 1750 3-P2-2 1970 220 
3-P3-1 1681 3-P3-2 1800 119 
4-P1-1 1740 4-P1-2 1900 160 
4-P2-1 1670 4-P2-2 1780 110 
4-P3-1 1740 4-P3-2 1830 90 
5-P1-1 1700 5-P1-2 1660 -40 
5-P2-1 1760 5-P2-2 1790 30 





Table B.3 Seven layer tension raw data, applied bending load on top face. 
MOR 
(psi.) 
Seven-layer tension strength (psi.) 
Layer1 Layer2 Layer3 Layer4 Layer5 Layer6 Layer7 
1660 568 692 224 163 202 526 515 
1760 588 592 278 124 226 531 460 
1760 494 587 166 154 186 545 482 
1770 641 620 231 209 210 540 505 
1780 589 674 287 244 236 640 605 
1780 595 691 234 184 186 590 602 
1790 609 656 285 212 218 471 579 
1800 668 607 243 203 238 576 566 
1810 600 742 256 234 174 578 542 
1830 663 678 234 205 240 522 662 
1850 626 788 292 218 216 678 641 
1860 564 643 313 217 225 549 590 
1860 680 485 245 218 278 399 592 
1870 666 598 218 165 117 454 540 
1870 669 601 322 222 173 581 566 
1880 680 614 307 220 295 589 609 
1900 716 601 333 140 278 425 675 
1900 657 706 245 202 213 736 606 
1910 563 586 294 246 158 410 500 
1960 559 525 249 194 188 520 406 
1970 574 682 262 196 220 533 590 
2040 813 589 267 261 240 492 732 
2090 648 764 289 244 231 623 634 
2110 684 767 260 269 249 626 610 
 
Table B.4 Seven layer tension raw data, applied bending load on bottom face. 
MOR 
(psi.) 
Seven-layer tension strength (psi.) 
Layer1 Layer2 Layer3 Layer4 Layer5 Layer6 Layer7 
1570 530 632 196 240 202 677 576 
1600 554 479 203 419 282 562 684 
1670 517 492 184 178 226 462 544 
1680 593 526 215 213 307 597 571 
1690 582 589 204 212 299 702 642 




Table B.4 (continued) 
1690 526 401 247 269 733 461 617 
1700 492 621 249 236 358 601 495 
1700 505 532 211 197 319 706 564 
1710 591 531 224 223 255 581 594 
1720 634 476 185 215 248 621 633 
1720 645 441 267 190 344 511 649 
1740 553 534 216 232 257 576 570 
1740 562 486 214 213 169 501 621 
1750 516 542 139 175 325 807 660 
1760 552 625 214 199 243 759 583 
1780 551 504 207 241 213 614 582 
1810 596 563 274 197 304 581 647 
1830 580 567 175 238 306 668 743 
1840 636 528 216 237 258 661 676 
1840 664 568 246 229 292 878 667 
1860 473 490 289 301 286 648 653 
1890 657 530 251 255 271 860 687 
1930 548 549 190 238 234 783 548 
1930 696 503 175 191 182 594 610 
1940 514 573 184 109 382 646 671 
 
Table B.5 Seven layer density raw data, applied bending load on top face. 
MOR 
(psi.) 
Seven-layer density (lbs./ft3) 
Layer1 Layer2 Layer3 Layer4 Layer5 Layer6 Layer7 
1660 49.15 48.08 38.06 35.12 36.94 45.99 48.00 
1760 47.52 47.58 38.72 35.38 37.59 47.53 47.14 
1760 47.94 46.64 37.02 34.70 36.96 46.54 46.66 
1770 45.81 46.52 38.49 34.37 36.92 45.43 45.09 
1780 49.02 46.38 36.61 34.95 36.17 45.55 47.57 
1780 48.65 46.72 37.02 35.45 36.72 46.02 47.28 
1790 49.25 48.22 38.28 35.57 37.18 46.89 48.15 
1800 47.98 48.44 38.73 34.91 37.62 47.31 46.83 
1800 47.91 47.73 39.10 36.08 37.30 45.86 45.97 
1810 49.11 48.32 38.29 35.90 37.40 46.31 48.53 
1830 49.23 47.85 38.09 35.55 37.43 46.93 47.92 
1850 47.26 47.12 38.66 36.04 37.44 45.84 45.84 




Table B.5 (continued) 
1860 50.14 47.16 37.55 35.16 37.10 46.03 49.09 
1870 48.01 48.98 38.04 35.19 36.81 46.24 47.33 
1870 47.39 45.47 36.66 34.70 36.07 45.00 46.43 
1880 47.99 47.02 38.42 35.64 37.95 46.46 47.31 
1890 44.85 46.04 37.16 34.47 36.81 46.36 43.60 
1900 47.99 45.86 37.45 34.67 37.53 45.87 47.96 
1900 47.08 46.25 37.40 34.38 36.32 45.29 46.52 
1900 49.48 48.12 38.15 35.47 37.69 47.57 48.31 
1910 47.89 46.04 37.34 34.46 36.66 45.26 47.80 
1960 49.79 47.68 38.32 35.55 37.81 47.28 49.03 
1970 47.69 47.49 38.84 35.69 38.11 46.34 47.44 
1980 47.64 47.66 37.97 35.12 38.04 48.41 47.61 
2000 47.40 46.69 37.61 34.82 36.49 46.53 46.57 
2040 50.44 47.37 37.95 35.38 37.47 46.55 49.42 
2090 49.28 47.79 37.64 35.68 37.21 47.10 47.27 
2110 48.65 48.82 39.04 36.61 38.85 48.70 47.94 
 
Table B.6 Seven layer density raw data, applied bending load on bottom face. 
MOR 
(psi.) 
Seven layer density (lbs./ft3) 
1T 2T 3T 4 5C 6C 7C 
1570 46.41 46.14 36.32 34.17 36.49 46.17 47.10 
1600 45.20 43.13 35.08 33.49 36.91 45.18 45.28 
1670 46.90 44.93 35.95 34.80 37.27 47.11 47.48 
1680 47.32 45.84 37.52 35.15 38.15 47.34 47.82 
1690 45.80 45.15 36.21 33.79 37.33 46.20 46.27 
1690 47.07 44.27 35.11 33.88 37.20 45.93 46.86 
1690 45.70 45.80 36.37 34.05 36.42 46.43 46.79 
1690 48.06 46.00 36.59 35.04 37.68 47.93 48.89 
1700 45.27 44.88 36.38 34.75 37.53 46.32 45.05 
1700 46.87 45.35 35.89 34.54 37.08 46.47 47.98 
1710 46.39 44.69 35.89 34.27 37.58 46.15 46.74 
1720 46.15 45.74 36.38 34.01 37.26 46.91 46.66 
1720 48.00 43.97 35.91 33.74 36.74 46.59 48.33 
1740 46.01 45.59 35.81 33.70 37.19 46.50 46.23 
1740 48.40 46.03 36.60 34.99 37.04 47.13 48.81 
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Table B.6 (continued) 
1740 48.58 44.59 36.26 34.53 37.25 47.67 48.89 
1750 46.84 45.24 36.97 34.78 38.45 47.06 47.00 
1760 48.39 45.36 36.20 34.55 37.46 47.52 48.70 
1780 46.54 46.05 36.38 34.20 36.66 46.71 46.86 
1810 47.56 44.71 35.62 34.20 37.10 46.55 48.02 
1830 47.85 45.51 37.72 35.08 38.79 47.12 47.71 
1840 47.40 44.63 35.91 33.14 36.79 46.01 47.04 
1840 47.81 46.84 36.67 34.49 37.76 48.94 48.21 
1850 45.73 44.44 35.44 34.02 37.23 46.20 46.29 
1860 46.85 44.76 35.82 33.81 37.01 46.48 47.11 
1880 49.84 47.26 37.38 34.77 37.39 47.97 49.83 
1890 47.63 46.33 37.57 35.84 39.39 47.71 48.38 
1930 45.93 46.24 35.97 34.12 37.94 47.52 46.58 
1930 48.15 45.29 36.28 34.39 36.91 46.74 48.85 
1940 46.32 45.91 37.25 35.38 38.34 48.13 46.52 
 














1770 694 353 765 1960 
1880 787 292 781 2222 
1760 909 387 922 1810 
1980 948 353 792 2719 
1900 808 340 826 2301 
1860 758 346 924 1946 
1890 786 362 767 2229 
1870 860 332 867 2423 
1760 689 270 900 1473 
2000 768 365 815 2460 
1910 805 305 872 2395 
1900 737 334 877 2290 
1850 926 377 697 2111 
1970 827 325 1105 2236 
1800 904 374 786 2209 
2110 885 307 856 2559 
1880 973 404 941 2055 
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Table B.7 (continued) 
1830 906 331 692 2108 
2090 974 367 819 2696 
1780 887 358 936 2281 
1860 947 344 1045 2498 
2040 984 365 904 2532 
1960 935 371 1022 2597 
1870 951 363 728 2327 
1900 866 386 991 2098 
1780 888 395 1023 2105 
1830 674 336 1022 1886 
1660 822 346 755 1834 
1790 757 425 952 2570 
1810 944 395 965 2626 
 
 
 
